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The bond dissociation enthalpies (BDEs) of the alkyl groups of the alkyl-substituted heterocycles have been
studied and compiled using DFT methodology, with the intent of modeling the larger heterocyclic functionalities
found in coal. DFT results were calibrated against CBS-QB3 calculations, and qualitative trends were
reproduced between these methods. Loss of hydrogen at the benzylic position provided the most favorable
route to radical formation, for both the azabenzenes and five-membered heterocycles. The ethyl derivatives
had lower BDE values than the methyl derivatives due to increased stabilization of the corresponding radicals.
Calculated spin densities correlated well with bond dissociation enthalpies for these compounds, while geometric
effects were minimal with respect to the heterocycles themselves. Temperature effects on the bond dissociation
enthalpies were minor, ranging by about 5 kcal/mol from 298 to 2000 K; the free energies of reaction dropped
significantly over the same range due to entropic effects. Monocyclic heteroaromatic rings were seen to replicate
the chemistry of multicyclic heteroaromatic systems.

Introduction

Coal is a valuable fossil fuel, accounting for the majority of
America’s electrical power generation, and it is likely to become
even more useful in the years ahead, as natural gas and oil
reserves dwindle.1 The actual structure of a given coal specimen
varies greatly with geography;2 however, aromatic hydrocarbons
and heteroaromatic rings (Figure 1), both alkylated and non-
alkylated, are recurring components, the proportions of which
differ between regions and samples.3

The practice of using the reactions of these individual rings
to better understand the overall chemistry of the complex
structure of coal has been widespread over the past few decades.
In separate studies, Mackie et al. and Kiefer et al. have examined
shock tube studies of pyridine, the picolines (methyl-substituted
pyridines), pyrazine, and pyrimidine to better understand the
thermal decompositions of coal units.4 These studies have
focused only on pyrolysis; thus, the understanding of the
oxidative decompositions of these heteroaromatics are still of
interest. Moreover, Eisele established the presence of pyridine
and picoline ions in the troposphere, such that the low-
temperature oxidation pathways of these species are also relevant
and could have implications for atmospheric processes.5 These
heteroaromatic rings have the potential to be oxidized at the
nitrogen atom and thus form NOx species,6 which can subse-
quently react to overproduce tropospheric ozone and contribute
to acid rain.7

Our group has devoted much time to the study of these coal
constituents. Barckholtz et al. completed an exhaustive survey
to select an appropriate computational method for study of these
relatively large molecules; density functional theory (DFT)8 was
shown to balance accurate results with computational economy
to the greatest extent.9 This study also allowed the determination
of a crucial conclusion, that the monocyclic heteroaromatic rings
do provide constructive models for comparison to their poly-

cyclic analogues, via comparisons of sp2 C-H bond dissociation
enthalpy (BDE) values in polycyclic compounds with the
corresponding BDE in the relevant monocyclic ring. The vast
majority of these calculations showed that increasing the
number of rings in the compound affected the BDEs by less
than 1 kcal/mol, and thus, the smaller rings provide worthy,
computationally prudent models for the larger systems. More-
over, it was shown that heteroatoms in the six-membered rings
provided stabilization for the resulting radical, such that pyridine
and other heteroaromatic rings had lower BDE values than did
benzene alone.

The combustive pathways of these heteroaromatics have also
been explored at multiple temperatures. Fadden et al. saw that
there were considerable differences between the pathways of
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Figure 1. Aromatic heterocycles of interest in coal combustion.
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the five-membered heteroaromatics’ peroxy radicals and the
azabenzenes’ peroxy radicals;10 the former could lose atomic
oxygen at a relatively low energetic cost, while for the six-
membered rings, losing atomic oxygen was substantially more
unfavorable, to the extent that dissociation back to the aromatic
radical and molecular oxygen was preferable. For both sets of
compounds, intramolecular cyclizations competed with oxygen
loss, and some of these cyclizations did lead to nitroso
compounds, which have implications both for NOx formation
and as carcinogens.11

Computational and experimental methods clearly benefit from
a symbiotic relationship in combustion studies; calculations can
propose pathways for empirically observed intermediates, and
experiments can verify the accuracy of the calculated energies
and rate coefficients. Combustion models have been proposed
for several classes of molecules, including alkyl hydrocarbons
and aromatic species.

To this point, little has been published on the subject of
alkylated heteroaromatic rings, though these species demonstrate
comparable promise for elucidating coal chemistry. Notably,
Mackie and co-workers completed both experimental12,13 and
theoretical14 studies of the pyrolytic decomposition of 2-picoline
(2-methylpyridine). However, more than a decade later, this
remains the most exhaustive study of an alkylated heteroaro-
matic ring’s combustion pathway, although the authors hypoth-
esized that these actually provided a better model for fuel-bound
nitrogen (FBN) than did unsubstituted heteroaromatic rings,
which have been more common targets.4-10 The kinetics of the
methyl-substituted azabenzenes’ initial reactivities have been
explored more frequently; Frerichs et al. examined the reaction
of the picolines with atomic oxygen,15 while Yeung and Elrod
completed a study of hydroxyl radical’s reactions with pyridine
and its methyl- and ethyl-substituted derivatives.16 Both groups
noted similarities between the alkylated azabenzenes and the
reactivity of toluene.

Unsurprisingly, with respect to toluene and the other alkylated
aromatic hydrocarbons, more references are available. Both
experimental and theoretical studies have been completed on
the combustion processes of toluene. Most recently, Pitz et al.
published a comprehensive mechanistic study using shock tube
techniques;17 earlier studies had dealt specifically with improving
predictions of some of the key intermediates therein.18 Com-
putationally, substituent effects are a popular area of study, as
well as the overall mechanism; the hydrogen-atom-loss and
subsequent atmospherically relevant reactions of toluene have
been studied via semiempirical methods19 and the B3LYP
functional.20 Nam et al. completed a DFT study of toluene and
its para- and meta-substituted derivatives, observing how
substituents on the methyl group itself further impact the bond
dissociation enthalpies of these species.21 Ethylbenzene has been
subjected to several studies; its pyrolysis22 and its reactions with
atomic oxygen,23 a fluorine radical,24 a hydrogen atom,25 a
hydroperoxyl radical,26 and a benzyl radical27 have been studied.
These hydrocarbon compounds can provide references for
energies and likely pathways for the corresponding alkylated
heteroaromatic rings.

Of greatest interest to this particular work are the bond
dissociation enthalpies (BDEs) of toluene and ethylbenzene.
Besides these species’ use as reference compounds for the
substituted heteroaromatics, they are also of interest as inter-
mediates in the HACA (H abstraction-C2H2 addition) pathway
to soot formation.28 A necessary first step in any combustion
pathway is generation of a radical species that can be subse-
quently oxidized, and this homolytic cleavage is represented

quantitatively via BDEs. The BDEs of toluene’s methyl group
and ethylbenzene’s benzyl position have been experimentally
determined by several methods, including flowing afterglow
mass spectrometry, shock tubes, and photoacoustic calorimetry;
these were recently compiled by Muralha et al.29 The BDE
values calculated for toluene varied from 88.030 to 90.3 kcal/
mol,31 with the majority of results falling in the 89.5-90 kcal/
mol range. With ethylbenzene, the resulting radical saw
stabilization from the additional alkyl group; therefore, its BDE
was lower, ranging from 85.4 to 86.9 kcal/mol.29,32,33

In general, bond dissociation enthalpies are useful quantities
in terms of predicting relative reactivities for different com-
pounds, reflecting the enthalpy change for homolytic cleavage
of a given bond. The more stable the resulting radical, the more
likely a bond is to break. General explanations for radical
stability include alkyl substitution and resonance effects; Gronert
has recently suggested an alternative explanation, that the
potential for release of 1,3-repulsive energy (strain) has the
greatest effect on these quantities; that is, a tertiary radical is
more stable than a primary radical not because of the larger
number of alkyl substituents in the radical but because of the
greater magnitude of the geminal interactions in the parent
hydrocarbon that are relieved upon C-H bond cleavage.34

The BDEs of the alkylated heteroaromatics are expected to
reflect the resonance stability of the formed radicals via
conjugation to the aromatic system and the stabilizing/
destabilizing role of the relevant heteroatom(s). Hydrogen-atom
loss seems to be the most likely initiation step in the combustion
of the alkylated heteroaromatic rings, although other pathways,
such as loss of the alkyl group, are also plausible (Figure 2).35

These cleavage pathways will be chain-propagating for the
combustion process and may dominate at higher temperatures
due to the favorable entropic term.

Just as alkylated aromatic rings are widespread in petroleum
compounds, alkylated heteroaromatic rings are prevalent in coal
compounds, and their combustion pathways are thus noteworthy.
Thus, the hydrogen-atom-loss reactions and alkyl-radical-loss
reactions for the methyl- and ethyl-substituted five- and six-
membered heteroaromatic rings will be explored via DFT
methods, with the goal of further elucidating the chemistry of
the larger heterocyclic systems found in coal. Additionally, the
DFT results will be calibrated against composite-level data, with
the intent of exploring the DFT methods as economical ap-

Figure 2. Generic representation of possible radical generation
pathways for the alkylated heteroaromatic rings.
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proaches with which to further explore the oxidative pathways
of the consequent radicals.

Computational Methods

All geometry optimizations, vibrational frequency calcula-
tions, and single-point energy calculations were completed with
Gaussian 9836 and 0337 at the Ohio Supercomputer Center.
Several methods were initially considered for this study, as
outlined in the Discussion; two hybrid density functional theory
(DFT)38,39 approaches, B3LYP/6-31G* and BB1K/6-31+G**,
were subsequently used for all geometry optimizations and
vibrational frequency calculations. Single-point energies were
calculated at the B3LYP/6-311+G** and BB1K/6-311+G**
levels using six Cartesian d functions with the scf)tight option.
CBS-QB3 calculations40 were also performed to validate the
DFT method for these particular systems. These methods
comprised the bulk of the calculations; additional calibrations
were also performed using MPW1K41 and G3MP2B342 calcula-
tions and are noted in the text.

Vibrational frequencies were calculated for each stationary
point to characterize these structures as minima or transition
states. The unscaled vibrational frequencies were used to
calculate the thermodynamic corrections to the enthalpy and
free energy. Once obtained, zero-point vibrational energy
corrections were scaled43 by a factor of 0.9806 or 0.9561 for
the B3LYP and BB1K calculations, respectively. The overall
enthalpy at each temperature was determined from the single-
point energy, the thermal correction to the enthalpy, and the
scaled zero-point energy, while the overall free energy at each
temperature also included the entropic correction to the free
energy.

For the doublet radical species and many transition states,
spin contamination (〈S2〉) was negligible (no greater than 0.80).
The DFT methods employed in this work have demonstrated
an ability to minimize spin contamination for the radicals of
interest, keeping the computed 〈S2〉 values near the expected
value of 0.75. Spin densities were obtained for the hydrogen-
loss radicals using the natural population analysis (NPA)
method.44

Because flame processes are some of the reactions of interest
for these compounds, it is necessary to see how these species
react at higher temperatures. The enthalpies of both the parent
compounds and the resultant radicals were calculated from 298
to 2000 K via the temperature-dependent term45

∆H(T) ) Htrans(T) + Hrot(T) + Hvib(T) + RT

∆H(T) ) 3
2

RT + 3
2

RT + Nh ∑
i

Vi(e
hνi/kT - 1)-1 + RT

The summation takes place over all 3N - 6 normal modes. For
each compound, the scaled zero-point energy and enthalpy
contribution were computed at various temperatures via the
given equations and added to the B3LYP total energy to obtain
the bond dissociation enthalpies as a function of temperature.
A similar approach was used with calculation of the entropic
corrections to determine the free energies of reaction over the
same temperature range.46

Results

Several alkylated heteroaromatic rings were examined: pyr-
role, furan, thiophene, oxazole, pyridine, pyrimidine, pyridazine,
and pyrazine (Figure 1). Bond dissociation enthalpies (BDEs)
and energies were compiled for the benzyl C-H BDE in both
the methyl and ethyl derivatives of these compounds, as were

the corresponding spin densities in the derived radicals. En-
thalpies and free energies of reaction for loss of the attached
alkyl groups were also documented. BDE values were then
analyzed as a function both of excess spin density on the major
radical center of interest and of temperature. Finally, the
harmonic oscillator and hindered rotor approximations were
compared.

Discussion

Several trends can be observed from the enthalpic and free-
energy data; for simplicity’s sake, these trends will be discussed
in terms of the relative bond dissociation enthalpies. Moreover,
we will use the term “heteroaromatic ring” generally to refer to
the five- and six-membered aromatic heterocycles under con-
sideration. Finally, the nomenclature used will indicate that all
radicals are located on the benzylic position of the compound;
that is, 2-methylpyridinyl radical will be used as an abbreviation
for the 2-methylpyridin-2′-yl (c-C5H4N-CH2

•) radical throughout
the paper.

With respect to determining a useful computational approach,
several methods were initially employed (Table 1) for a
representative survey of relevant bond dissociation enthalpies
(BDEs). The composite methods G3MP2B3 and CBS-QB3
calculated similar thermochemistry, while the DFT methods
B3LYP, BB1K, and MPW1K predicted BDE values generally
2-4 kcal/mol lower than those returned by the composite
methods. A more comprehensive set of calculations was
completed using the CBS-QB3, B3LYP, and BB1K methods
(Table 2) to more fully understand these trends. The composite
methods replicated experimental results, where available. The
DFT methods did not demonstrate a comparable quantitative
accuracy but did replicate qualitative trends, suggesting that an
empirical correction might prove useful in kinetic applications
of these data. These points will be revisited throughout this
discussion. We have also explored several trends and effects as
functions of the B3LYP geometries, given their relevance to
both the DFT and CBS-QB3 calculations.

Toluene As a Reference Compound. The BDE and geom-
etry of toluene were both explored, along with those of the
substituted heteroaromatic rings. Since more information is
available for toluene, it can serve as a standard for evaluating

TABLE 1: Bond Dissociation Enthalpiesa (∆H298, kcal/mol)
for H-Atom Loss from the Methyl Group of the
2-Methyl-Substituted Heterocycles of Interest

CBS-QB3 G3MP2B3 B3LYP MPW1K BB1K

pyrrole 86.7 87.7 83.1 83.3 85.2
furan 86.3 87.9 83.1 82.9 85.2
thiophene 86.5 88.6 83.0 83.0 85.3
oxazole 89.9 91.6 86.4 86.6 88.8
pyridine 92.0 93.8 88.2 87.4 90.1
pyrimidine 93.1 94.9 89.5 88.8 91.5
pyrazine 92.3 94.5 88.0 87.1 89.8

a Enthalpies at 298 K were taken directly from composite method
calculations (CBS-QB3 and G3MP2B3). Enthalpies at 298 K were
generated for the DFT calculations using single-point energies in
tandem with thermal corrections to the enthalpy and scaled zero-
point energies; single-point energies were calculated at the fol-
lowing levels: B3LYP ) B3LYP/6-311+G(d,p)//B3LYP/6-31G(d);
MPW1K ) MPW1K/6-311+G(d,p)//MPW1K/6-31+G(d,p); BB1K
) BB1K/6-311+G(d,p)//BB1K/6-31+G(d,p).
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the accuracy of the computational approach, which can then be
applied to the heteroaromatic rings as well.

As shown in the Supporting Information, the B3LYP/6-31G*
method matched experimental values for toluene’s geometry
very well; both the C-C and C-H bond lengths are reproduced
when compared to the spectroscopic work of Amir-Ebrahimi
et al.,47 and the rotational constants similarly match up. The
vibrational frequencies, also reported in the Supporting Informa-
tion, saw a comparable correspondence.

Comparable information on the benzyl radical was not readily
available; however, it can be inferred from the bond dissociation
enthalpy of toluene as both parent and radical must necessarily
be geometrically correct to give an accurate BDE value. The
CBS-QB3 calculations predict a BDE of 90.6 kcal/mol, match-
ing well with the experimental data (a range of 88.0-90.3 kcal/
mol). The B3LYP/6-311+G**//B3LYP/6-31G* energies ulti-
mately provide a calculated BDE of 86.7 kcal/mol, while the
BB1K/6-311+G**//BB1K/6-31+G** energies yielded a cal-
culated BDE of 88.5 kcal/mol; the ∼2-4 kcal/mol differences
from the CBS-QB3 calculations are consistent throughout the
heteroaromatic rings studied, such that qualitative trends are
reproduced. The underestimate relative to composite methods
is common to DFT approaches and is seen in other work in
this area.9

Nonalkylated Heteroaromatics. Azabenzenes. Just as this
work uses toluene and ethylbenzene as benchmarks for the
alkylated heteroaromatic rings, previous work on the unsubsti-
tuted heteroaromatic rings has shown several trends in their
BDEs relative to that of benzene.9 With respect to the azaben-
zenes, it was seen that the presence of one or more nitrogen
atoms within the aromatic ring directly affected those com-
pounds’ BDEs. In particular, the BDE at the C-H bond adjacent
to nitrogen was consistently seen to be around 4-5 kcal/mol
lower than benzene’s C-H BDE, a phenomenon attributed to

nitrogen’s ability to lend greater resonance stabilization to the
heterocyclic radical. At the non-nitrogen-adjacent positions, the
C-H BDE was comparable to that of benzene itself.

FiWe-Membered Heteroaromatics. Prior work on the unsub-
stituted five-membered heteroaromatic rings has shown that their
combustion pathways are most likely to begin with decomposi-
tion or isomerization of the ring itself, rather than loss of a
hydrogen atom.9 This is due to the geometric perturbation
introduced by forming a radical centered on the aromatic ring,
which is reflected in the higher C-H BDE values compared to
those of benzene. Furthermore, unlike the azabenzenes, there
is no distinct preference of H abstraction from position 2 over
position 3; again, due to geometric factors, the heteroatoms are
unable to stabilize the radical to the degree seen in the six-
membered rings.

Shifting focus to the alkylated heteroaromatic rings, it seems
probable that the chemistry here could differ substantially since
these H-loss reactions will not create a radical center within
the aromatic ring itself but rather on the attached alkyl group.
This proves to be the case as these trends differ from those of
the unsubstituted compounds.

Methyl-Substituted Heteroaromatics: Hydrogen Atom
Loss. Azabenzenes. As calculated via B3LYP, the methyl-
substituted azabenzenes vary in their BDEs from 87.0 to 89.5
kcal/mol, with an average value of 88.2 kcal/mol, higher than
toluene’s value of 86.7 kcal/mol; via BB1K, this range is
88.9-91.5 kcal/mol, with an average value of 90.1 kcal/mol,
compared to toluene’s BDE of 88.5 kcal/mol (Table 2). The
experimental work of Doughty and Mackie on 2-methylpyri-
dine14 did provide a tangential reference point here; their
proposed C-H BDE was 96 kcal/mol, compared to the
calculated value of 88.2 kcal/mol via B3LYP (92.0 kcal/mol
via CBS-QB3). Calculations were seen to underestimate the
BDE by a slightly greater margin than that in toluene’s case.

TABLE 2: Thermodynamic Information and Spin Density Information for Hydrogen-Loss (C-H homolytic bond cleavage)
Reactions of Methyl-Substituted Heteroaromatic Ringsa

∆H298 ∆G298

methyl subst. B3LYP BB1K CBS experimental B3LYP BB1K CBS spin density (R-�)

toluene 1 86.7 88.5 90.6 88.0-90.3b 79.4 81.2 83.8 0.72
pyrrole 2 83.1 85.2 86.7 75.2 77.4 78.9 0.63

3 86.8 88.8 90.1 78.9 80.9 82.4 0.74
furan 2 83.1 85.2 86.3 75.3 77.3 78.6 0.60

3 87.4 89.4 90.5 79.5 81.4 82.7 0.73
thiophene 2 83.0 85.3 86.5 75.2 77.5 79.1 0.59

3 86.9 88.9 89.9 79.1 81.0 82.2 0.71
oxazole 2 86.4 88.8 89.9 78.7 81.0 82.3 0.64

4 88.1 90.0 91.1 80.2 82.0 83.3 0.72
5 84.5 86.5 87.9 76.6 78.6 80.1 0.63

pyridine 2 88.2 90.1 92.0 96.0c 80.8 82.5 84.7 0.73
3 87.0 88.9 91.0 79.7 81.4 83.7 0.72
4 87.9 89.7 91.6 80.8 82.5 84.6 0.74

pyridazine 3 88.9 90.7 93.3 81.3 83.2 85.8 0.75
4 87.7 89.5 91.7 80.3 82.4 84.6 0.72

pyrimidine 2 89.5 91.5 93.1 82.5 84.5 86.7 0.76
4 89.3 91.3 92.7 81.9 83.7 85.5 0.75
5 87.5 89.3 91.4 80.6 82.1 84.7 0.73

pyrazine 2 88.0 89.8 92.3 80.5 82.2 85.0 0.72

a Enthalpies and energies in kcal/mol, obtained via B3LYP/6-311+G**//B3LYP/6-31G* (designated as B3LYP), BB1K/6-311+G**//BB1K/
6-31+G** (designated as BB1K), and CBS-QB3 (designated as CBS) methods. See Figure 1 for structures and numbering. b References
24-26. c Reference 13.
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The authors noted that the heat of formation for their 2-picolinyl
radical was an estimate,14 which would extend to the extrapo-
lated BDE of interest and could explain this discrepancy. Losing
hydrogen from the attached methyl group rather than from the
ring itself means that the resultant radical is not directly on the
ring and not as directly stabilized by nitrogen’s additional
resonance effects. Moreover, the trend of the ortho-substituted
compound’s BDE being lower than that of the other substituted
compounds is not duplicated here; in fact, 2-methylpyridine,
2-methylpyrimidine, and 3-methylpyridazine all have higher
BDEs than their counterparts.

Both geometries and spin densities were examined to discern
the origin of these effects. The geometry changes involved are
minimal, as shown (Table 3). Virtually the same changes occur
for toluene losing a hydrogen atom from the methyl group as
for 2-methylpyridine. Spin density (population) appears to be
the most logical candidate for rationalizing these trends. From
the relative electron distribution (R-�) between the benzyl
radical and 2-methylpyridinyl radical (Figure 3), it can be seen
that 2-methylpyridinyl radical localizes its electron density on
the CH2 carbon to a greater extent than the benzyl radical;
correspondingly, the benzyl radical sees more electron density
delocalized through the ring and a resultant stabilization. In
particular, the excess spin density is localized on the positions
ortho and para to the attached methyl group, and the nitrogen
of the 2-methylpyridinyl radical bears less spin density than
does the corresponding carbon in the benzyl radical. Similar
trends were seen for the other methyl-substituted heteroaromatics
(and will be discussed subsequently), although this is the most
direct comparison possible. Interestingly, the ethyl-substituted
heteroaromatic rings’ trends are reversed relative to ethylbenzene.

FiWe-Membered Rings. In another marked difference from
the unsubstituted heteroaromatic rings, the five-membered,
methyl-substituted heteroaromatic rings consistently demonstrate
BDEs lower than any of their six-membered counterparts,
including toluene. Because the radical center is removed from
the ring, the geometric perturbations that affected the unsub-
stituted compounds are no longer a major concern. Moreover,
loss of hydrogen atom from the methyl group forms an allylic
radical, which can now maintain the planarity necessary for
delocalization.

The 2-methyl-substituted, five-membered heteroaromatic rings
have lower BDEs than their 3-methyl-substituted counterparts.
Presumably, the trend seen in the unsubstituted azabenzenes
helps to rationalize the results seen here; the compounds in
which the methyl group is ortho to the heteroatom are more
able to exploit the additional resonance stability afforded by
nitrogen, oxygen, and sulfur relative to carbon.

Heteroatom identity does not have a large effect on energetics
for the five-membered rings, the only set of compounds for
which the heteroatom was varied. The 2-methyl-substituted
monoheteroaromatic rings, in particular, have virtually identical
BDEs. In the methyl derivatives of oxazole, the heteroaromatic
ring containing both oxygen and nitrogen, it appears that the
oxygen has a more stabilizing effect than nitrogen on the
resulting radical, as the 5-methyl derivative (ortho to oxygen

TABLE 3: Comparison of Changes in Bond Lengths (Angstroms) and Bond Angles (degrees) during the Hydrogen-Atom-Loss
Reactions of Toluene and Its Nitrogen Analogue, 2-Methylpyridine, As Determined via Optimization at the B3LYP/6-31G*
Level

bond lengths parent radical change bond lengths parent radical change

C6-C1 1.401 1.427 0.026 N1-C2 1.345 1.372 0.027
C1-C2 1.401 1.427 0.026 C2-C3 1.401 1.425 0.024
C2-C3 1.396 1.389 -0.007 C3-C4 1.394 1.389 -0.005
C3-C4 1.396 1.403 0.007 C4-C5 1.393 1.399 0.006
C4-C5 1.396 1.403 0.007 C5-C6 1.396 1.405 0.009
C5-C6 1.396 1.389 -0.007 C6-N1 1.337 1.326 -0.011
C1-Cmeth 1.512 1.407 -0.105 C2-Cmeth 1.509 1.408 -0.101

bond angles parent radical change bond angles parent radical change

C6-C1-Cmeth 121.4 121.4 0 N-C2-Cmeth 116.3 117.2 0.9
C2-C1-Cmeth 120.1 121.4 1.3 C3-C2-Cmeth 121.7 121.6 -0.1
C1-Cmeth-H 110.5 121.2 10.7 H-Cmeth-C2 111.8
C1-Cmeth-H 110.1 121.2 11.1 H-Cmeth-C2 110.4 119.6 9.2
C1-Cmeth-H 112.3 H-Cmeth-C2 110.4 121.3 11.1

Figure 3. Comparison of areas of increased spin densities (R-�) for
the 2-methylpyridinyl radical and 2-ethylpyridinyl radical. The top
number refers to the R-� value for that particular position; the bottom
number, in parentheses, refers to the corresponding R-� value for the
hydrocarbon equivalent (the benzyl radical and ethylbenzyl radical,
respectively). Data obtained via B3LYP/6-311+G**//B3LYP/6-31G*
calculations.
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alone) has a lower BDE than the 4-methyl derivative (ortho to
nitrogen alone).

Ethyl-Substituted Heteroaromatics: Hydrogen Atom Loss.
Overall, the ethyl-substituted heteroaromatic rings have con-
siderably lower BDEs than their methyl counterparts; the
additional alkyl group serves to stabilize the radical derived from
hydrogen atom loss, regardless of ring size, by 2 to 5 kcal/mol
(Table 4).

Azabenzenes. The BDE values for the ethyl-substituted
azabenzenes actually encompass the value calculated for eth-
ylbenzene. The narrower range and lack of any trend relative
to ethylbenzene suggest that the additional methyl group present
stabilizes all of the relevant radicals to a comparable extent.

FiWe-Membered Rings. The same trend seen with the methyl-
substituted heteroaromatics is repeated here: the 2-substituted
compounds have substantially lower BDEs, again due to their
increased proximity to the stabilizing heteroatom. Moreover,

these compounds demonstrate more of a heteroatom effect,
although it is a slight trend; the larger the heteroatom, the lower
the BDE. Presumably, polarizability effects in stabilizing the
radical might become more visible as the number of electrons
in the molecule increases.

Methyl-Substituted Heteroaromatic Rings: Methyl Loss.
Scission of the Cring-Calkyl bond for all of these compounds leads
to an in-plane sp2 aromatic radical, localized in the σ system of
the aromatic ring. It was expected that the thermodynamics of
these reactions would compare well to those for H-atom loss
from the unsubstituted heteroaromatic rings, and this was
confirmed to be the case (Table 5). Moreover, the thermochem-
istry for the loss of these alkyl groups was considerably more
endothermic and endoergic, in all cases, than hydrogen-atom
loss.

Azabenzenes. Loss of the methyl group was seen to be around
10 kcal/mol more endothermic than loss of hydrogen, for any

TABLE 4: Thermodynamic and Spin Density Information for Reactions of Ethyl-Substituted Heteroaromatic Rings For
Hydrogen Loss from the CH2 Groupa

∆H298 ∆G298

ethyl subst. B3LYP BB1K CBS experimental B3LYP BB1K CBS spin density (R-�)

ethylbenzene 1 82.9 84.8 88.1 85.4-86.9b 75.2 76.9 79.7 0.68
pyrrole 2 80.6 82.8 84.6 71.9 73.6 75.9 0.61

3 84.1 85.9 87.7 75.3 77.2 78.9 0.71
furan 2 80.2 82.4 83.9 71.9 73.7 75.5 0.58

3 84.5 86.3 87.9 75.5 77.7 79.1 0.69
thiophene 2 79.8 81.8 83.8 71.2 73.1 75.2 0.56

3 84.4 86.1 87.1 75.4 77.1 78.1 0.67
oxazole 2 82.0 84.1 86.5 73.9 75.9 78.4 0.62

4 84.5 86.2 88.3 76.0 77.6 79.9 0.68
5 81.1 83.0 85.6 72.6 74.4 77.1 0.59

pyridine 2 84.2 86.2 88.1 75.0 78.1 80.0 0.69
3 83.1 85.1 85.6 74.6 77.3 77.2 0.69
4 83.6 86.2 87.2 74.5 78.3 78.7 0.69

pyridazine 3 85.3 86.8 90.1 76.7 79.1 83.1 0.68
4 83.1 85.2 88.7 74.4 76.9 79.7 0.66

pyrimidine 2 84.0 86.0 89.0 76.1 77.8 80.9 0.69
4 84.7 87.3 88.5 76.2 79.0 80.4 0.69
5 84.4 85.9 89.1 75.4 77.8 80.5 0.68

pyrazine 2 83.9 85.8 90.2 75.6 77.7 81.4 0.66

a Enthalpies and energies in kcal/mol, obtained via B3LYP/6-311+G**//B3LYP/6-31G* (designated as B3LYP), BB1K/6-311+G**//BB1K/
6-31+G** (designated as BB1K), and CBS-QB3 (designated as CBS) methods. See Figure 1 for structures and numbering. b References 24, 27,
and 28.

TABLE 5: Enthalpies and Free Energies of Reaction (kcal/mol) for Alkyl Group Loss Reactions of Methyl- and
Ethyl-Substituted Heteroaromatics Via DFT Calculations

B3LYP/6-311+G**//B3LYP/6-31G* BB1K/6-311+G**//BB1K/6-31+G**

methyl ∆H298 ∆G298 ethyl ∆H298 ∆G298 methyl ∆H298 ∆G298 ethyl ∆H298 ∆G298

pyrrole 2 104.7 92.3 2 100.8 87.0 2 110.8 98.6 2 107.6 93.7
3 102.8 90.7 3 99.4 85.6 3 108.9 96.8 3 105.8 92.1

furan 2 107.3 95.1 2 103.7 90.0 2 113.2 101.0 2 110.2 96.2
3 104.3 92.1 3 100.8 86.9 3 110.5 98.4 3 107.4 93.6

thiophene 2 102.5 90.3 2 99.1 85.3 2 108.7 96.6 2 105.7 91.9
3 99.4 87.2 3 95.9 82.0 3 105.9 93.7 3 102.7 88.8

oxazole 2 108.4 96.3 2 104.9 91.1 2 114.6 102.5 2 111.3 97.5
4 105.5 93.3 4 102.2 88.2 4 111.8 99.6 4 108.8 94.8
5 109.3 97.1 5 106.0 92.1 5 115.7 103.4 5 112.5 98.6

pyridine 2 92.7 81.0 2 88.6 74.7 2 99.1 87.2 2 95.8 82.0
3 96.8 85.1 3 92.3 78.5 3 103.6 91.9 3 99.9 86.3
4 96.2 84.8 4 91.9 78.1 4 102.6 91.1 4 99.2 85.5

pyridazine 3 94.7 82.7 3 91.4 77.8 3 101.5 89.7 3 98.5 85.4
4 95.6 84.1 4 91.7 77.9 4 103.2 91.9 4 100.1 86.4

pyrimidine 2 95.9 84.6 2 92.3 78.8 2 102.2 90.9 2 99.4 85.7
4 93.1 81.4 4 89.2 75.6 4 99.8 87.9 4 97.1 83.3
5 98.2 87.0 5 94.9 81.1 5 105.3 93.9 5 102.3 88.7

pyrazine 2 93.4 81.6 2 89.2 75.9 2 100.3 88.4 2 96.9 83.1
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given position in these compounds. Moreover, when the methyl
group in question was ortho to nitrogen (as with 2-methylpy-
ridine compared to the other pyridine derivatives and 3-meth-
ylpyridazine compared to 4-methylpyridazine), the correspond-
ing C-C BDE was lower due to the stabilizing effects of the
adjacent nitrogen.9 With the pyrimidine derivatives, the trend
is still evident; 4-methylpyrimidine, with its methyl group
between two nitrogens, has a substantially lower BDE than any
other in this group.

FiWe-Membered Rings. The trends seen for hydrogen-loss
reactions are nonexistent here. As seen in earlier work by our
group9 and others,48 any stabilizing effects of the nearby
heteroatom are negated by the geometric strain introduced by
forming a ring-centered radical; the BDE at the 2-position is
generally 2 to 3 kcal/mol higher than that at the 3-position. No
definite heteroatom trends are evident, and the oxazole deriva-
tives demonstrate that the presence of two heteroatoms does
not lead to greater reactivity at any one position.

Ethyl-Substituted Heteroaromatic Rings: Ethyl Loss. The
ethyl-substituted compounds (Table 5) have the same trends as
the methyl derivatives and therefore will not be discussed
further, save to note that the BDE values are again around 5
kcal/mol lower than those of the methyl compounds, probably
due to the increased stability of the primary ethyl radical over
the methyl radical.

General Trends. Spin Density. The spin densities were
calculated via Natural Population Analyses44 at the B3LYP/6-
311+G**//B3LYP/6-31G* level for the methyl-substituted
heteroaromatic rings. Excess spin density (R-�) was determined
for each of the incipient CH2 radical centers, and the BDE was
plotted as a function of this quantity (Figure 4). A comparable
graph of the BDE as a function of excess spin density was
completed for the ethyl-substituted compounds (Figure 5). The
spin density generated at the incipient radical correlated well
with the BDE regardless of ring size or substitution, suggesting
that the more localized a resulting radical will be, the higher
the BDE value (or the more that electron delocalization will
stabilize a given radical, the lower that the BDE for its
corresponding parent compound will be). The correlation

between the methyl and ethyl derivatives’ respective bond
dissociation enthalpies (Figure 6) was also strong (R2 ) 0.84).

Geometry. Several geometric changes occurred within these
compounds, which can be understood by examining a repre-

Figure 4. Variation of bond dissociation enthalpy (kcal/mol) with
excess spin density at the incipient CH2 radical center for methyl-
substituted heteroaromatic rings. Data for the five-membered heteroaro-
matic rings are denoted by open squares; data for the six-membered
heteroaromatic rings are denoted by closed triangles. Data obtained
via B3LYP/6-311+G**//B3LYP/6-31G* calculations.

Figure 5. Variation of bond dissociation enthalpy (kcal/mol) with
excess spin density at the incipient C-H radical center for ethyl-
substituted heteroaromatics. Data for the five-membered heteroaromatic
rings are denoted by open squares; data for the six-membered
heteroaromatic rings are denoted by closed triangles. Data obtained
via B3LYP/6-311+G**//B3LYP/6-31G* calculations.

Figure 6. Correlation between bond dissociation enthalpies for methyl-
and ethyl-substituted derivatives of the five-membered heteroaromatics.
Data for the five-membered heteroaromatic rings are denoted by open
squares; data for the six-membered heteroaromatic rings are denoted
by closed triangles. Data obtained via B3LYP/6-311+G**//B3LYP/
6-31G* calculations.

TABLE 6: Changes in Bond Lengths (Angstroms) and Bond
Angles (degrees) for the Hydrogen-Loss Reaction of
Representative Heteroaromatic Ring 2-Methylfuran As
Obtained via Optimization at the B3LYP/6-31G* Level

compound radical change in bond length

O-C2 1.371 1.390 0.019
C2-Cmeth 1.479 1.377 -0.102
C2-C3 1.364 1.411 0.047
C3-C4 1.436 1.411 0.025
C4-C5 1.359 1.373 -0.14
C5-O 1.366 1.361 -0.005
Cmeth-H 1.097 1.083 -0.14

compound radical change in bond angle

O-C2-Cmeth 116.64 118.93 2.29
C3-C2-Cmeth 133.82 133.17 -0.65
H1-Cmeth-C2 111.57
H2-Cmeth-C2 111.57 120.93 9.36
H3-Cmeth-C2 109.87 120.06 10.19
H1-Cmeth-H2 108.17
H2-Cmeth-H3 107.36 119.01 11.65
H3-Cmeth-H1 108.16

Figure 7. Variation of the free energy of reaction (kcal/mol) with
temperature (K) for hydrogen atom loss in the (a) five-membered
methyl-substituted heteroaromatic rings and (b) six-membered methyl-
substituted heteroaromatic rings. Data obtained via B3LYP/6-311+G**//
B3LYP/6-31G* calculations. Similar temperature profiles for the ethyl-
substituted derivatives are available in the Supporting Information.
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sentative reaction (Table 6) with 2-methylfuran. In terms of bond
lengths, the main change occurred in the bond between the furan
ring and alkyl chain, which shorted substantially as the bond
took on more π character in the corresponding radical. Bonds
within the ring lengthened to some extent. With respect to bond
angles, the O-C2-Cmeth angle increased slightly and the
H-Cmeth-C2 angles increased substantially as hybridization at
the radical center changed from sp3 to sp2. The analogous
geometries of interest for the other heteroaromatics are sum-
marized in the Supporting Information. What is most significant
is that, for these alkylated aromatics, the ring itself was relatively
unperturbed, relative to previous studies in which the new radical
was located directly on the heteroaromatic ring of interest.9

Temperature Effects. Calculations were completed to exam-
ine the changes in hydrogen-loss BDE at combustion temper-
atures for these compounds. Minor quantitative changes (in-
creases of ∼4 kcal/mol) in the hydrogen-loss BDEs of the

heterocyclic compounds occur over this temperature range; the
most dramatic variation, seen with 2-methylpyrrole and 3-me-
thylpyrrole, is still less than 10 kcal/mol. (Full profiles are
available in the Supporting Information.) Thus, the 298 K
enthalpic data can also be useful in terms of predicting higher-
temperature chemistry. The free energies of reaction for
hydrogen atom loss were also explored as a function of tem-
perature (Figure 7); these quantities experienced a large tem-
perature effect due to the entropic term for these dissociative
processes. At high temperatures (2000 K), the free energies of
reaction are roughly 60 kcal/mol more favorable than at 298
K, making these radicals ready participants in high-temperature
combustion processes.

Moreover, comparative temperature profiles were generated
to explore the relative energetics of hydrogen atom loss and
alkyl group loss (Figure 8). Representative cases are shown; a
more complete set of information is included in the Supporting
Information. Both pathways see large entropic contributions at
higher temperatures. In all cases, hydrogen atom loss is initially
the favored pathway, but at 2000 K, alkyl group loss is favored
slightly. At no temperature is one pathway overwhelmingly
dominant over the other, and the energetics overlap at several
points, so that the further combustion pathways of both sets of
radicals will likely contribute in comparable capacity.

Approximations. Calculations were run to determine what,
if any, error was introduced via using the harmonic oscillator
approximation in finding the enthalpic and entropic thermal
corrections.49 As described previously, the lowest-energy vibra-
tions (i.e., the motions of the alkyl chain) were identified and
treated as rotations using a hindered rotor approximation rather
than the harmonic oscillator. Briefly, the enthalpies are es-
sentially consistent between approximations, while the free
energies reflect a small change, generally less than 1 kcal/mol.
Considering that this variation in approximation would have
the most impact on the entropy of these species, it seems logical
that the free energies would see more of an effect than the
enthalpies. These specific data are included in the Supporting
Information.

Extension to Larger Systems. The validity of using mono-
cyclic systems to approximate the chemistry of multicyclic
systems was explored. Previous work in our group has
demonstrated that increasing the number of rings attached to a
parent heteroaromatic ring has only a minor effect on the bond
dissociation enthalpy for H atom loss in that parent compound;9

however, calculations were pursued to see if a similar effect
occurred in the alkylated derivatives of these heteroaromatic
rings. The H-atom-loss reactions from the methylated derivatives

Figure 8. Comparison of hydrogen atom loss and methyl group loss
free energies (∆Grxn) with increasing temperature (K). Representative
pathways are shown for (a) 2-methylpyrrole and (b) 3-methylpyridazine.
Free energies for hydrogen atom loss are denoted with solid diamonds
and a blue line; free energies for methyl loss are denoted with open
squares and a pink line. Data obtained via B3LYP/6-31+G**//B3LYP/
6-31G* calculations. Graphs comparing H atom loss to ethyl group
loss are available in the Supporting Information.

TABLE 7: Comparison of ∆Hrxn and ∆Grxn (kcal/mol) Values for H-Atom-Loss Reactions in Monocyclic and Multicyclic
Heteroaromatic Systems (data calculated via B3LYP/6-311+G**//B3LYP/6-31G*)

benzofuran benzothiophene quinoline

methyl subst. BDE ∆BDEa ∆Grxn ∆∆Grxn BDE ∆BDE ∆Grxn ∆∆Grxn BDE ∆BDE ∆Grxn ∆∆Grxn

2 83.0 -0.1 75.1 -0.2 83.2 +0.2 75.3 +0.1 87.8 -0.5 80.1 -0.7
3 86.6 -0.8 78.5 -1.0 86.1 -0.8 78.0 -1.1 86.1 -0.9 78.4 -1.3
4 86.7 -1.2 78.5 -2.3

a Indicates the difference between the given BDE and the corresponding BDE in the monocyclic heteroaromatic (i.e., 2-methylbenzofuran
compared to 2-methylfuran).
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of benzofuran, benzothiophene, and quinoline (Table 7) were
explored. It was seen that generally, the BDEs in the relevant
monocycles were within 1 kcal/mol of the BDEs in the
multicyclic systems, reinforcing our previous findings.

Conclusions

Bond dissociation enthalpies for hydrogen loss and alkyl
group loss were compiled for the alkylated heteroaromatics using
a variety of DFT and composite methods. Both B3LYP and
BB1K demonstrated promise for replicating qualitative trends
predicted by CBS-QB3 and G3MP2B3, although a systematic
deviation of 2-4 kcal/mol was shown regardless of ring size
and substitution patterns. Composite methods replicated the
experimental BDEs available in the literature.

Overall, loss of hydrogen to form a benzylic-like radical was
roughly 10 kcal/mol more favorable than loss of an alkyl group,
regardless of ring size or heteroatom. BDE trends varied
considerably with respect to ring size and bond type. For the
hydrogen-loss reactions, the methyl-substituted azabenzenes saw
higher BDEs than their hydrocarbon counterpart, toluene.
However, the methyl-substituted five-membered heteroaromatic
rings displayed consistently lower BDEs than the azabenzenes
and, moreover, exhibited a trend where the 2-substituted
compounds had lower BDEs than the 3-substituted compounds
due to increased stabilization of the radical via increased
proximity to the heteroatom. In the hydrogen-atom fragmenta-
tion reactions of the ethyl derivatives, the trends within each
class of compounds (azabenzenes versus heteroaromatic rings)
were duplicated, but an overall stabilization of the radicals of
interest caused the BDEs of these reactions to drop by ∼4 kcal/
mol. In terms of alkyl group loss, the ortho-substituted azaben-
zenes were more able to stabilize the in-plane sp2 radicals in
these reactions due to the adjacent nitrogen atom and had
consistently lower BDEs than their counterparts. The five-
membered heteroaromatic rings could not exploit a similar
relationship as their alkyl-loss reactions caused geometric
perturbations to the ring, decreasing any aromatic contribution
to resonance stability and thus increasing the BDEs for these
compounds.

Spin densities were calculated for these heterocyclic radicals
and correlated well with the BDE values; this was seen
especially in the case of the five-membered heteroaromatics.
Temperature effects were explored for the hydrogen-loss reac-
tions and demonstrated that the reactions stayed constant in their
endothermicity but became substantially less endoergic over the
298-2000 K range due to entropic effects on the free energy.
The free-energy profiles of hydrogen-atom loss compared to
those of alkyl group loss showed that both pathways experienced
similar temperature effects. Vibrational frequencies attributed
to methyl and ethyl rotations were also explored for their effect
on the thermodynamic predictions using the hindered rotor
approximation; this treatment gave comparable results for the
enthalpies and free energies of these reactions.

With respect to predicting the chemistry of the larger
heterocyclic systems found in coal, our work suggests that both
hydrogen-atom-loss and alkyl-group-loss reactions will con-
tribute as initiation steps for the high-temperature combustion
reactions of these rings. Longer alkyl chains and larger ring
sizes will increase reactivity. The initial steps of radical
formation become much more favorable at high temperatures.
The B3LYP and BB1K methods have shown promise in
economically elucidating these pathways, which has implications
for exploring combustion pathways of coal compounds; the
BB1K method shows an increased quantitative accuracy relative

to other DFT methods, while the B3LYP data facilitate
comparison to several previous studies of related species.9,10

However, their lack of quantitative comparability to the
composite methods implies that an empirical correction factor
would be necessary before these data could be realistically
employed in any kinetic applications; the composite calculations
obtain far more accurate results. Thus, while the chemistry of
monocyclic heteroaromatic systems approximates that of larger
heteroaromatic systems to a useful degree, economic compu-
tational exploration of the chemistry of these smaller systems
still presents a challenge. These initial calculations will be
revisited in further work concerning the combustion pathways
of the alkylated heteroaromatics.
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